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� Radiation-induced swelling observed
in additively-manufactured (AM)
316 L stainless steel.

� Swelling twice as large in as-
fabricated state compared to post-
processed states.

� Swelling promoted by AM-induced
dislocations.

� Swelling inhibited near AM-induced
precipitates.
a r t i c l e i n f o

Article history:
Received 20 April 2019
Received in revised form
4 June 2019
Accepted 5 June 2019
Available online 6 June 2019

Keywords:
Metal additive manufacturing
Austenitic stainless steel
Radiation effects
Void swelling
a b s t r a c t

Metal additive manufacturing offers potential advantages for producing structural materials, such as
austenitic stainless steels, in nuclear power systems. However, the microstructure developed during
metal additive processing is notably different from the one developed in conventional processing, and
the influence of the microstructural differences on performance in radiation environments has not been
fully quantified. Using heavy ion irradiation and transmission electron microscopy, the radiation-induced
swelling response of a laser powder-bed fusion-manufactured austenitic stainless steel was investigated
at high doses. The influence of solidification-induced dislocation and precipitate structures was studied
by comparing the radiation-induced swelling response of a 316 L stainless steel in three microstructural
states: as-fabricated, solution annealed, and fully recrystallized. Void swelling was approximately twice
as pronounced in the as-fabricated state compared to post-processed states. In the framework of the rate
theory for radiation effects, the higher swelling in the as-fabricated state can be explained by the strong
sink bias for interstitial point defects exerted by the intermediate density of pre-existing dislocations.
Void swelling was inhibited in the vicinity of pre-existing precipitates, but the density of precipitates in
the as-fabricated material was not enough to compensate for the increase in swelling caused by
dislocations.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Metal additive manufacturing (AM) technologies offer the
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ability to rethink the design of components without the constraints
of conventional fabrication methods. Specifically, AM permits the
fabrication of complex geometries in a one-step process [1]. How-
ever, the engineering application of AM materials requires the
ability to maintain mechanical properties and degradation resis-
tance compared to conventional materials. In metal AM methods
such as laser powder-bed fusion (LPBF), the extreme processing
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conditions create unique systems compared to those observed in
conventional processing routes such as metal casting and welding,
due to orders of magnitude larger solidification rates and thermal
stresses [1]. A physical understanding of structure-property re-
lationships is needed, requiring new qualification and certification
efforts to ensure reproducible performance [2]. Metal AM methods
offer opportunities to design novel microstructures leading to
materials properties that can be equivalent to conventionally-made
materials, and in some cases superior. For example, recent studies
have shown that metal AM of austenitic stainless steel (SS) can
allow breaking the strength-ductility trade-off [3] or superior
corrosion resistance [4,5] compared to conventional SS.

The potential benefits of using AM to build structural materials
for nuclear power applications [6,7] warrants studying the radia-
tion response of AMmaterials. Austenitic stainless steels are used in
all current nuclear reactors and are candidate materials for many
advanced reactor designs [8,9] because of their good mechanical
properties and corrosion resistance, including at high tempera-
tures. However, their radiation resistance can be poor, especially at
intermediate temperatures (400e600 �C) where they are suscep-
tible to void swelling under neutron irradiation [10e12]. The evo-
lution of swelling with dose usually occurs in two regimes: a low-
swelling-rate incubation regime (swelling rate of less than 0.01%/
dpa) followed by a high-swelling-rate regime (swelling rates from
0.4 to 1%/dpa for irradiation temperatures between 400 and 600 �C
[13e15]). Several strategies have been designed to reduce swelling
or lengthen the incubation regime in SS by introducing a high
density of sinks for point defects such as precipitates and cold-
work-induced dislocations structures [16e20], grain boundaries
[21], or twin boundaries [22]. Metal AM SS may offer enhanced
radiation resistance due to the production of very heterogeneous
microstructures [3] with potential sinks for point defects such as
dendritic segregation boundaries, sub-granular dislocation cell
walls, and oxide precipitates [23]. A recent study reported prom-
ising radiation resistance of metal AM 316 L SS after 2.5-dpa proton
irradiation at 360 �C [24].

In the present work, the response of LPBF-manufactured 316 L
SS to ion irradiation at the doses of 50 and 100 dpa is reported. Ion
irradiation was used as a surrogate for neutron irradiation. Three
microstructural states - as fabricated, solution annealed, and fully
recrystallized - from the same 316 L stainless steel composition
were studied to clarify the role of solidification-induced pre-
cipitates and dislocation structures on radiation-induced swelling.
The solution annealing treatment was intended to partially recover
the sub-granular solidification structures and is commonly used as
a stress relief treatment in AM steels. The fully recrystallized state
was intended to create a control microstructural state inwhich sub-
granular solidification structures have been fully removed from the
microstructure.

2. Experimental

2.1. Test materials

The test material was EOS 316 L SS with composition shown in
Table 1. The composition was measured with combustion infrared
detection (C and S), inert gas fusion (O and N), and direct current
plasma emission spectroscopy (all other elements). Rectangular
parallelepiped samples of approximately 3� 10� 50mm were
manufactured in an EOS M290 LPBF system using the EOS recom-
mended process parameters: laser power of 195W, laser speed of
1083mm/s, hatch spacing of 90 mm, and layer thickness of 20 mm.
The starting feedstock powder had an average particle diameter of
40 mm. Three samples were prepared from the printed parallele-
piped samples: 1) an as-fabricated sample, prepared by cutting a
section parallel to the build direction (see schematic in Fig. 1) and
no post-processing treatment; 2) a solution-annealed sample, cut in
the same fashion as the as-fabricated sample and subsequently
annealed at 1050 �C for 1 h in argon atmosphere followed by a
water quench; 3) a fully-recrystallized sample, cut in the same
fashion and subsequently homogenized at 1200 �C for 4 h, cold-
rolled to 90% thickness reduction, and annealed at 1050 �C for 1 h
in argon atmosphere followed by a water quench. Prior to irradia-
tion, all three samples were mechanically ground to a 1200 grit
surface finish, and electropolished with a standard A2 electrolyte
(ethanol, perchloric acid) at �15 �C for 10min to remove approxi-
mately 200 mm of matter from the surface, thereby removing the
majority of defects induced by mechanical polishing [25].

2.2. Irradiation experiments

The samples were irradiated on the electropolished surfaces
with 3.5-MeV Fe2þ ions at 500 �C at a flux of approximately
3.4� 1012 ions/cm2s. Significant swelling is expected under these
irradiation conditions [21,22]. During the first set of irradiations,
the samples were irradiated at a fluence of 5� 1016 ions/cm2. The
damage and injected Fe2þ ion profiles were simulated with the
Stopping and Range of Ions in Matter code [26] using the “Kinchin-
Pease” option and the threshold displacement energy of 40 eV for
all the target elements. Simulations calculated peak damage depth
of approximately 50 dpa at 1 mm, with damage extending to 1.5 mm
below the surface. The corresponding simulated profile is shown in
Fig. 2. A second set of irradiations was conducted to study the
swelling evolution with dose: the as-fabricated and fully recrys-
tallized samples were irradiated to a higher fluence of 1� 1017 ions/
cm2 (i.e., 100 dpa). A defocused ion beam was used for all irradia-
tions to better emulate neutron irradiation [27].

2.3. Microstructure characterization techniques

Electron backscatter diffraction (EBSD) mapping of the electro-
polished surfaces of the samples was performed in an FEI Helios G4
UX Extreme High Resolution Field Emission Scanning Electron
Microscope equipped with an EDAX Hikari Super EBSD camera and
TEAM EBSD data collection software. An accelerating voltage of
30 kV, current of 26 nA, and step size of 190 nmwere used for each
sample. Cross-sectional specimens for transmission electron mi-
croscopy (TEM) were extracted from the irradiated surfaces (see
schematic in Fig. 1) with a focused ion beam (FIB) in a Zeiss Auriga
using 30 kVGaþ ions for machining followed by 5 kV Ga þ ions for
polishing. Conventional TEM imaging of voids was performed in an
FEI Tecnai TF-30 equipped with a Schottky field-emission electron
gun operated at 300 kV. Scanning TEM (STEM) analysis was per-
formed in an FEI Titan aberration-correct STEM equipped with a
Schottky field-emission electron gun operated at 200 kV and a
high-angle annular dark field detector (HAADF).

3. Results

3.1. Microstructural analysis

The electro-polished surfaces of the samples showing the grain
morphologies are shown in the EBSD maps of Fig. 3. The maps are
colorized according to the crystal orientation that is aligned with
the build direction (vertical direction) and boundaries with local
misorientations higher than 5� are shown in black. The as-
fabricated sample exhibits columnar grains and a 〈001〉 texture in
the build direction. In the solution-annealed sample, grains are
more equiaxed and less textured. In the fully-recrystallized sample,
the grain structure is typical of a wrought stainless steel with large



Table 1
Composition of the test EOS 316 L SS.

Element Fe Ni Cr Mo Si Mn C N Cu P 0

wt% Balance 13.94 18.39 2.86 0.30 1.47 0.004 0.065 0.0022 0.017 0.043

Fig. 1. Schematic showing the build direction of the AM 316 L test part, the surface
exposed to irradiation, and the orientation of cross-sectional TEM specimens extracted
after irradiation (dashed box).

Fig. 2. Damage and implanted Fe2þ ions profiles calculated with Monte-Carlo-based
SRIM tool [26] for a fluence of 5� 1016 ions/cm2.

Fig. 3. EBSD maps of the surface of (a) the as-fabricated sample, (b) the solution-
annealed sample, and (c) the fully-recrystallized sample, colorized according to the
crystal orientation aligned with the build direction (vertical direction). The boundaries
with local misorientation higher than 5� are shown in black.
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equiaxed grains and annealing twins. An effective boundary den-
sity was estimated by measuring the length per unit area of
boundaries with local misorientations higher than 5�. The effective
boundary density was measured to be approximately
0.20e0.30 mm�1 for all samples. It should be noted that these
boundaries may not only consist of classical planar grain bound-
aries, but likely also include dense dislocation cell boundaries
separating regions with relative misorientations greater than 5�.

STEM HAADF micrographs of the microstructures in the cross-
sectional TEM specimens after 50 dpa irradiation are shown in
Fig. 4, in which the region below the top irradiated surface is
representative of the pre-irradiation microstructure. The irradiated
region has a higher defect content and extends from the surface of
the specimen to approximately 1.5 mm deep in all three samples, as
indicated by the double-ended arrows, consistent with the SRIM
simulation (Fig. 2). Outside of the irradiated zone, the preexisting
microstructure in the as-fabricated sample, shown in Fig. 4a, ex-
hibits the sub-granular cellular structure typical of LPBF-
manufactured 316 L SS [3,7]. Cell walls consist of tangled disloca-
tions, appearing with lighter contrast, and fine precipitates with
diameters on the order of tens of nm, appearing with darker
contrast in Fig. 4aec. Previous work indicated that the precipitates
were oxides with varying amounts of Si, Mn, and Cr [3], which was
confirmed in the present work with STEM energy dispersive
spectroscopy. In the solution-annealed sample (Fig. 4b), the un-
irradiated zone exhibits a lower density of dislocations than in
the as-fabricated sample and a lower density of precipitates that
are larger on average than in the as-fabricated state. In the fully-
recrystallized sample (Fig. 4c), the un-irradiated zone exhibits no
dislocations and even larger, sparser precipitates. Examples of
dislocation walls and precipitates are indicated by arrows and
labeled “D” and “P”, respectively, in Fig. 4. In the irradiated region of
the as-fabricated specimen shown in Fig. 4a, some defined dislo-
cation cell walls are present, but are less visible amidst the back-
ground of irradiation-induced defects than they are in the un-
irradiated region. The density and average diameter of pre-
cipitates, as measured from the un-irradiated zone of the cross-
sectional TEM specimens are approximately 4� 1020m-3 and
15 nm respectively in the as-fabricated sample, approximately



Fig. 4. STEM HAADF micrographs of the cross-sectional TEM specimens from (a) the as-fabricated 316 L sample, (b) the solution-annealed 316 L sample, and (c) the fully-
recrystallized sample, after 3.5MeV Fe2þ irradiation at 500 �C to a fluence of 5� 1016 cm�2 (approximately 50 dpa). D: dislocation wall. P: precipitate. The double-ended arrows
indicate the irradiation damage region.
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0.3� 1020m-3 and 38 nm respectively in the solution-annealed
sample, and approximately 0.03� 1020m-3 and 1.5� 102 nm
respectively in the fully-recrystallized sample.
Fig. 5. TEM micrographs of the microstructure immediately beneath the surface after irra
fabricated 316 L sample, (b) the solution-annealed 316 L sample, and (c) the fully recrys
dashed line indicates the bottom of the region considered in quantifying void swelling (appr
precipitates show a similar contrast. Voids are present in the irradiated region, while preci
indicated (V: void. P: precipitate). In (a), the dashed lines indicate the likely location of pre
3.2. Void swelling

Voids were imaged in a TEM using the through-focus technique
diation in under-focused condition of the cross-sectional specimens from (a) the as-
tallized 316 L sample after irradiation to 5� 1016 cm�2 (approximately 50 dpa). The
oximately 900 nm depth, which is not the entire 1.5 mm-deep damage layer). Voids and
pitates are present in both the irradiated and the unirradiated region e examples are
-existing cell walls.
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[28]: voids have a dark Fresnel fringe in the under-focused condi-
tion and a bright Fresnel fringe in the over-focused condition.
Better void contrast is usually obtained when no single beam is
strongly diffracting [28], which reduces background contrast for
dislocations and crystallographic defects. Under-focused images of
the TEM cross-sectional specimens irradiated to 50 dpa are shown
in Fig. 5. Voids appear as regions of bright contrast surrounded by
dark Fresnel fringes, while precipitates generally, but not always,
appear as regions of varied contrast surrounded by dark Fresnel
fringes. Examples of voids and precipitates are indicated by arrows
labeled “V” and “P”, respectively, in Fig. 5. Since voids and pre-
cipitates can exhibit similar contrast characteristics, it was neces-
sary to differentiate between the two for statistical analysis of
voids. To estimate the void size distribution in the irradiated region,
the precipitate size distribution in the un-irradiated region (region
greater than 1.5 mm below the surface in Fig. 5) was estimated, then
subtracted from the combined void and precipitate size distribu-
tion in the irradiated region. Void diameters were counted and
measured in the region extending from the top surface to 900 nm
depth in all samples (above the dashed horizontal line in Fig. 5).
Note that this depth is less than the approximately 1.5 mm depth of
the entire damage layer - it has been shown that ion irradiation
leads to void swelling suppression in the deeper region of the
damage (between approximately 1 mm and 1.5 mm deep), where a
high amount of interstitials are injected [29,30]. Void swelling was
estimated by approximating voids as spheres and computing the
corresponding total volume occupied by voids. The thicknesses of
cross-sectional TEM specimens were measured using the Electron
Energy-Loss Spectrometry (EELS) method [31] and SEM imaging of
specimens end-on, and were used to estimate the volume of the
analyzed areas. In all samples, zones approximately 50e100 nm
near precipitate/matrix interfaces tend to contain a higher density
of smaller voids compared to elsewhere in the irradiated zone;
examples are shown in Fig. 6. In the as-fabricated sample, regions
Fig. 6. Example of higher densities of smaller voids near pre-existing precipitates in (
5� 1016 cm�2 (approximately 50 dpa). P: Precipitates; SV: Small voids; LV: Large voids.
with pre-existing precipitates surrounded by smaller voids and
denuded of large voids seem to correspond to pre-existing cell
walls, as indicated by the dashed line in Fig. 5a.

Void diameters, void densities, and void swelling amounts are
summarized in Table 2. The 100 dpa irradiationwas only conducted
on the as-fabricated and fully-recrystallized samples, since the
fully-recrystallized and solution-annealed samples behaved very
similarly at 50 dpa. The evolutions of both the void size distribution
and void swelling with dose for the as-fabricated and fully-
recrystallized samples are shown in Fig. 7. Swelling amounts and
void densities are more pronounced in the as-fabricated sample,
compared to either of the post-processed samples. In all samples,
the dominant contributor to the overall swelling is the large void
population.

4. Discussion

4.1. Influence of pre-existing dislocations on void swelling

The driving force for void formation is a supersaturation of va-
cancies that originates with the creation of point defects from
irradiation-induced displacement cascades [32]. Unbiased point
defect sinks such as grain boundaries can lower the matrix content
of both interstitials and vacancies. Densities of boundaries with
greater than 5� local misorientation (approximately
0.20e0.30 mm�1 for the all samples) are expected to be too low to
significantly influence swelling - grain boundary density effects on
swelling typically only occur for sub-micron grain sizes
[21,22,33e37], which is equivalent to boundary densities higher
than approximately 2 mm�1 [38]. Dislocations are biased sinks for
interstitials and can increase the supersaturation of vacancies,
leading to void swelling [19,39]. In the rate theory for radiation
effects, the swelling rate is driven by the sink strength ratio, which
is the ratio of dislocation sink strength to void sink strength [32,40]:
a) as-fabricated 316 L and (b) fully recrystallized 316 L samples after irradiation to



Table 2
Void swelling after 3.5MeV Fe2þ irradiation at 500 �C in the three materials.

Dose dpa Mean void diameter (nm) Void density (1021m�3) Void swelling (%)

As-fabricated 316 SS 50 9.6± 1 2.7± 0.7 0.26± 0.05
100 7.6± 1 4.0± 1.0 0.33± 0.07

Solution-annealed 316 SS 50 17± 1 0.48± 0.1 0.14± 0.03
Fully recrystallized 316 SS 50 15± 1 0.46± 0.1 0.12± 0.03

100 15± 1 0.60± 0.1 0.15± 0.03
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swelling rates are small at low and high sink strength ratios, and
high at intermediate sink strength ratios close to unity, where the
dislocation sink bias exerts the greatest influence on swelling rate.
The dislocation sink strength is proportional to the dislocation
density, and the void sink strength is proportional to the void
number density and the void radius. The pre-existing dislocation
density in the as-fabricated sample does not appear to limit
swelling. Indeed, lower swelling occurred in the solution-annealed
and fully-recrystallized samples, where the dislocation densities
were significantly lower. Dislocation densities in AM and conven-
tional cold-worked 304 SS were recently measured with neutron
diffraction [41]; it was found that the dislocation density in as-
fabricated AM 304 SS was one order of magnitude lower than in
conventional 304 SS strained to 32%. Conventionally-fabricated SS
cold-worked by tens of percent are known to swell less than
annealed conventional SS [19,32] because of the high sink strength
ratios after cold work. The intermediate dislocation density in AM
as-fabricated SS creates an intermediate sink strength ratios closer
to unity, which in turns leads to higher swelling rates than in the
solution-annealed and fully-recrystallized SS.
4.2. Influence of pre-existing precipitates on void swelling

The 50 to 100 nm-wide zone denuded of large voids and
exhibiting a high density of smaller voids is seen near the precip-
itate/matrix interfaces in all samples. This suggests that precipitate/
matrix interfaces in all samples promote the formation of a high
Fig. 7. Evolution of void size distributions with dose in (a) AM as-fabricated 316 L and (b) AM
as-fabricated and recrystallized states.
density of small voids in their vicinity. The formation of smaller
voids near precipitates can be driven by the presence of oxygen.
Oxygen is known to assist void formation by reducing the void-
matrix surface energy [17,42e44]. Oxygen can be made available
in the vicinity of the oxygen-rich precipitates through thermal
spike-induced intermixing [45]. The sink strength of spherical
voids increases rapidly with decreasing void radius [32,39]. For-
mation of a large number of smaller voids in the vicinity of pre-
cipitates, rather than a few larger voids, increases the local void sink
strength, and thus decrease the sink strength ratio. As detailed
above, the sink strength ratio is likely close to unity in the as-
fabricated material, leading to higher swelling by a factor of two.
A decrease in sink strength ratio near precipitates would therefore
lead to lower swelling near precipitates in this sample, which is
consistent with the observations (see dashed lines in Fig. 5a). Since
this effect was confined to a zone of approximately 50 to 100-nm
near the precipitate/matrix interface, while sub-granular cells are
approximately 500 nm in diameter, the local swelling inhibition by
precipitates is not expected to counterbalance the overall swelling
enhancement caused by dislocations in the as-fabricated material.
The roles of AM-induced dislocations and precipitates is summa-
rized in Fig. 8.
4.3. Implications for the use of metal additive manufacturing in
nuclear power systems

In the studied AM process, the use of the default processing
fully recrystallized 316 L SS. Swelling (c) and void density (d) evolutions with dose in



Fig. 8. Summary of influence of AM-induced precipitates and dislocations on void swelling.
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parameters for 316 L is not desirable for radiation tolerance of
components under ion irradiation since the as-fabricated micro-
structure appears to promote swelling. Strategies could be
designed to increase densities of dislocations and precipitates in
the as-fabricated state by modifying AM process parameters (e.g.,
Ref. [47]). These strategies could lead to swelling-resistant micro-
structures equivalent or superior to conventional cold-worked
stainless steels due to the presence of additional precipitates that
can inhibit swelling. In this study, ion irradiation is used here as a
surrogate for neutron irradiation [46]. Further ion irradiation or
neutron irradiation testing would be warranted to confirm that the
observations are applicable to the use of AM components in nuclear
power systems.
5. Conclusions

The present work studied the radiation-induced swelling
response at high doses of a 316 L austenitic stainless steel additively
manufactured with a laser powder-bed fusion system. Three ma-
terial states were considered: as-fabricated, solution-annealed, and
fully-recrystallized. Samples were irradiated with heavy ions to
study the influence of solidification-induced cellular structures
comprising dislocations and precipitates. Void swelling at 50 dpa
and 100 dpa was approximately twice as high in the as-fabricated
state, as compared to the fully-recrystallized state. The solution-
annealed and fully-recrystallized materials exhibited similar void
swelling at 50 dpa. The intermediate density of pre-existing dis-
locations in the as-fabricated state is suggested to have promoted
swelling compared to post-processed states, which can be ratio-
nalized by the rate theory of radiation effects. Void swelling was
inhibited in the vicinity of pre-existing precipitates, but the density
of precipitates in the as-fabricated state was not enough to
compensate for the increase in swelling caused by the intermediate
dislocation density. Strategies to increase densities of dislocations
and precipitates during additive manufacturing of stainless steel
could lead to enhanced radiation-induced swelling resistance.
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